Introduction
Solid oxide fuel cell (SOFC) systems are recognized as a promising technology owing to their high generation efficiency of more than 50%. Fuel flexibility is also an attractive feature of the systems. In addition, internal reforming can also be applied to SOFCs because the Ni contained in the anode is a good catalyst for the steam reforming of hydrocarbon fuels. Internal reforming has two advantages; one is cost reduction by reducing the amount of expensive catalyst in the pre-reformer, and the other is improved efficiency by reducing the power required for air pumping to cool the cells because the reforming reaction is strongly endothermic. For example, the overall reformation process of methane rapidly consumes approximately 60% of the heat generated in the cell under the conditions of 75% fuel utilization, a temperature of 700℃ and 55% DC efficiency [1] . In exchange for these advantages, a strong temperature gradient may occur on the cell surface that can cause cell fracture and gas seal leakage. Hence, control of the internal reforming reaction is critically important. Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under licence by IOP Publishing Ltd 1 was no effect of the steam partial pressure [3] . Mogensen et al. reviewed earlier literature and grouped the kinetic expressions into three types; Langmuir Hinshelwood (LH) kinetics, first order (FO) reaction with respect to methane, and power law (PL) expressions with respect to the composing gases. A comparison of 11 kinetics based on both industrial steam-methane reforming catalysts and Ni-YSZ for SOFCs showed that they were inconsistent [4] .
Secondly, rate equations for industrial catalysts are generally evaluated for a unit weight of Ni contained in the catalysts [2] [3]. Unfortunately, this makes it difficult to apply these rate equations to actual SOFC development because the weight of Ni does not reflect the reaction surface area of an SOFC anode. Additional attempts have been made to interpret the weight as a surface area [5] [6] [7] . However, it is unclear whether a correlation can be universally applied to any anode regardless of its porous microstructure. On the other hand, a special technique using focused ion beam scanning electron microscopy (FIB-SEM) has been newly developed that enables the direct quantification of a porous microstructure [8] .
Considering the above, in this study, the rate equation of steam-methane reforming based on the anode microstructure was investigated. We performed reforming experiments on a small sample of a Ni-YSZ anode, followed by the quantification of the microstructure of the sample using the FIB-SEM technique. A rate equation for a unit surface area of Ni in the anode is estimated and its applicability to other samples having different microstructures is examined.
Fundamentals

Basic principles
The reforming process of methane is described by the following two equations.
The former is well known as the strongly endothermic steam reforming reaction, and the latter is the slightly exothermic water-gas shift reaction. The reaction rate in this study is actually considered to be that of steam-methane reforming because the water-gas shift reaction at high temperature is a fast process and reaches equilibrium instantaneously. As mentioned above, there are three expressions used to describe the reaction kinetics. With regard to the kinetic expression, the following PL expression containing the methane and steam partial pressures is adopted in this study to avoid complexity and a high calculation cost in practical use.
In equation (3), is the methane consumption rate per second and per unit exposed Ni area, is the reaction coefficient and CH 4 and H 2 O are the partial pressures of methane and steam at the reaction site, respectively.
In equation (4) , is the frequency factor and is the activation energy of the reaction. The aim of this study is to reveal the unknown values of , , and in relation to the exposed area of Ni in the anode microstructure. The quantified area density of exposed Ni also enables us to express as follows.
Here, ∆ CH 4 is the methane consumption rate and − is the total area of Ni facing the pores in the sample.
− is obtained as follows.
is the weight of the sample and ρ is the sample density.
− is the surface area of Ni facing the pores per unit volume of the sample obtained by the FIB-SEM technique. Note that equation (5) makes it very easy to calculate the methane consumption rate but it is only reliable when the temperature and gas compositions at the surface of Ni are nearly constant. To ensure them, the sample was fabricated as thin as possible to reduce mass transport delay and the methane conversion rate calculated by equation (7) was maintained as low as possible in this study. Here, expresses the volume fraction of each gas at the outlet.
Under this condition, equations (3) and (5) can be combined as follows.
In equation (8), the partial pressures of methane and steam are those before reaching sample. is assumed to be constant at a given temperature in this study. (9) in the range of −1.0 ≤ ≤ 2.0 and − 2.0 ≤ ≤ 1.0.
The frequency factor and activation energy are also obtained by fitting equation (11) to experimental data.
Fabrication of test sample
A large NiO-YSZ cermet sheet of thickness 0.1mm was fabricated and cut into approximately 10×10mm 2 squares for use in the following experiments.
The microstructure of the sample is quantified by the FIB-SEM technique [8] . FIB-SEM produces a series of crosssectional images, as shown in figure 1 , which are then processed and calculations are performed to quantify microstructural properties, for example, area density of exposed Ni, the volume fractions of Ni and YSZ, and so forth. 
Reaction.
The sample is set parallel to the flow with quartz wool in a short 10mm-inner-diameter quartz tube to ensure the flow uniformity and the mass transport from both faces of the sample. The short tube is inserted into a long 20mm-inner-diameter tube so that it is at the center of the furnace. The ends of the outer tube are sealed completely by swagelok joints using Teflon ferrules. The pressure is measured at the inlet and outlet ends of the outer quartz tube, and the temperature is measured at the center point of the furnace and near the sample.
Analysis.
After the reactor, the gases pass through a cold trap and are exhausted. After removing steam at the cold trap, the gasses are removed immediately after the cold trap and are analyzed by a gas chromatograph, where volume fractions of CH 4 , H 2 , CO, CO 2 and N 2 gases are detected.
Preliminary test
The gas seal of all the lines were checked at 10kPa inner pressure. The reduction procedure was conducted for 1h using pure hydrogen at 800℃.
It is well known that the carbon formation and catalytic degradation are two major issues in steam-methane reformation [9, 10, 5] . In this study, the steam-carbon ratio (S/C) was always maintained at more than 1.8 to avoid carbon formation [9] . With regard to catalytic degradation, a durability test has been conducted at temperatures of 650, 700 and 750℃ under a constant feed gas. The time trends of the volume fractions of CO and CO 2 in the exhaust gas are shown in figure 3 . The degradation of the methane conversion rate given by equation (7) can be calculated from these results and equations (1) and (2) as shown in table 1. The degradation of the methane conversion rate in the following experiments appears to be less than 0.89 % because each experiments finishes within 10h.
Experimental setup
The experimental setup is composed of three sections as shown in figure 2 . 
Results and Discussion
Microstructure of test sample
The properties of the microstructure quantified by the FIB-SEM technique are shown in table 2, as well as some of the corresponding fabrication data. These quantified data appear to be valid because the Ni/YSZ volume fraction ratio shows a good correspondence with the fabrication data. A 2D image figure and reconstructed 3D model are shown in figure 4 . The white and gray parts represent Ni and YSZ, respectively. The maximum methane conversion rate was 36.6% in test No.2 and the thermocouple near the sample had a reading of 4.3℃ lower than that of the thermocouple installed in the furnace owing to the endothermic reaction. Figure 5 shows that monotonically increases with an increase of CH 4 , while a decreasing tendency is observed in figure 6 with an increase of H 2 O .
Coefficients and .
From the above results and equations (9) and (10), contours of is obtained as shown in figure 7 . In this study, = 1.29 and = -0.53 are selected to minimize . 
Reaction and analysis
The experimental conditions are shown in detail in Finally, the rate equation is obtained as
The activation energy and coefficients a and b in this study and previous studies are compared in (11), the frequency factor and activation energy are also calculated to be pore, the discrepancy from equation (12) becomes large when the methane conversion rate is high. The accuracy and reliability of the prediction can be improved by applying the local gas compositions and local temperature to equation (12) . It is, however, difficult to obtain the local values experimentally. One can take the best advantage of the equation (12) if it is combined with a detailed numerical simulation that resolves the local gas compositions and temperature. 
Validity with different microstructures
To validate the equation (12), we conducted additional experiments using two extra samples having different microstructures. Reforming experiments and microstructure quantifications were conducted for the two samples. The main difference between the two samples is the Ni/YSZ volume ratio as shown in table 5. Table 5 . Microstructure properties.
The predicted by equation (12) 
